We have demonstrated that citrate synthase may be assayed by a simple, discontinuous, spectrophotometric procedure based on the measurement of oxaloacetate utilization with 2,4-dinitrophenylhydrazine. The assay is applicable both to the purified enzyme and to cell extracts, and has the advantage that it can be used in the presence of high concentrations of thiols and thioesters. We have used this new assay in part of our investigations into the inhibitory effects of palmitoyl thioesters on diverse citrate synthases. Both palmitoylCoA and palmitoyl thioglycollate inhibit citrate synthases from pig heart, Bacillus megaterium and Escherichia coli, the E. coli enzyme showing the greatest sensitivity to these effectors. With palmitoyl-CoA the extent of inhibition is time-dependent, but the enzymes can be protected from the effect by the substrates oxaloacetate and acetyl-CoA. Using the dinitrophenylhydrazine assay, we have shown that the thioester bond is essential for inhibition; that is, if the palmitoyl thioesters are cleaved to give a mixture of palmitate and a thiol compound, the inhibitions of pig heart and B. megaterium citrate synthases are eliminated and that of the E. coli enzyme is markedly decreased.
INTRODUCTION
Citrate synthase (EC 4.1.3.7) catalyses the reaction:
Acetyl-CoA + oxaloacetate + H20 -. citrate + CoA + H+
The enzyme is important in the control of the citric acid cycle, and its kinetic and regulatory properties have been found to correlate remarkably with the taxonomic status of the source organism (Weitzman & Danson, 1976; Weitzman, 1981; Danson et al., 1985) . Several methods have been employed to assay citrate synthase. The most commonly used is the continuous spectrophotometric assay with 5,5'-dithiobis-(2-nitrobenzoate) (Nbs2); this chromogenic reagent reacts with the thiol group of free CoA as it is produced in the formation of citrate (Srere et al., 1963) . Other assays for citrate synthase, also based on the measurement of CoA, use dichlorophenol-indophenol (Wieland et al., 1964) or polarographic analysis (Weitzman, 1969b) . Clearly, these procedures are inappropriate should it be necessary to assay citrate synthase in the presence of initial concentrations of thiol compounds. An alternative assay for citrate synthase relies on measurement of acetyl-CoA consumption by monitoring the decrease in A232 (Srere & Kosicki, 1961) ; this assay can be used in the presence of thiol compounds, but suffers from the disadvantage that it is not readily applicable to cell extracts or when other u.v.-absorbing materials are present.
In the present paper we describe a discontinuous spectrophotometric assay for citrate synthase based on the measurement of oxaloacetate utilization with 2,4-dinitrophenylhydrazine (Dnph). This assay is unaffected by the presence of thiols and is also suitable for assaying citrate synthase in cell extracts.
We demonstrate the usefulness of this new assay by its application to a study ofthe inhibition ofcitrate synthases by palmitoyl-CoA. Palmitoyl-CoA is a powerful inhibitor of pig heart citrate synthase (Wieland & Weiss, 1963; Tubbs, 1963) , and inhibition has also been reported for the Escherichia coli enzyme (Srere, 1968) . The physiological significance of this inhibition is uncertain (Srere, 1965; Hsu & Powell, 1975; Caggiano & Powell, 1979; Hansel & Powell, 1984) . In eukaryotes, it has been suggested that inhibition ofcitrate synthase by palmitoylCoA is important in the regulation of fatty acid biosynthesis and in ketogenesis, and Hansel & Powell (1984) have provided evidence for a specific interaction between fatty acyl-CoA and pig heart citrate synthase. On the other hand, a number of observations (Srere, 1965) suggests that the inhibition is a result of nonspecific detergent effects of fatty acyl-CoA compounds. In an attempt to clarify the situation, a comparative study was undertaken of the effects of palmitoyl-CoA, palmitoyl thioglycollate and of palmitate plus free thiol compounds on the citrate synthases of pig heart, Bacillus megaterium and E. coli.
EXPERIMENTAL Materials
CoA, oxaloacetate and pig heart citrate synthase were from Boehringer, Mannheim, Germany; Nbs2 and Dnph were from Sigma, Poole, Dorset, U.K. Bacillus megaterium DIOI was from our culture collection (P.D.J.W.). Escherichia coli DB1002 (Bloxham et al., 1983) A 120 ,1 portion of 10 mM-oxaloacetate was added to 3 ml of 0.1 M-HCI containing 0.5 mM-Dnph and, at recorded times, 0.5 ml samples were withdrawn and added to 0.5 ml of 2 M-NaOH. The A450 of the resulting solution was measured with time. The reaction was essentially complete after 10 min, and the compound formed was relatively stable; that is, the value of A450 decreased by < 5 % over a period of 30 min after the addition of NaOH. In the experiments that follow, a 10 min incubation period was used, and the absorbances were recorded 5 min after the addition of NaOH.
Variation of the final oxaloacetate concentration (i.e. the concentration after the addition of the alkali) up to 100 /SM produced a linear response in the A450. Assuming complete reaction, the results give a molar absorption coefficient of 12 500 1 mol-1 * cm-' for the derivative.
Assay of purified citrate synthase from B. megaterium B. megaterium citrate synthase was incubated at 25°C with 0.2 mM-oxaloacetate and 0.15 mM-acetyl-CoA in 20 mM-Tris/HCl (pH 8.0)/1 mM-EDTA. Samples (50 #1) were withdrawn every 1 min for 5 min and added to 0.45 ml of 0.5 mM-Dnph in 1 M-HCI; this solution was left for 10 min before the addition of 0.5 ml of 3 M-NaOH. After a further 5 min, the A450 was recorded (Fig. 1) . The reactions were approximately linear over the periods recorded. Fig. 2(a) shows that the measured enzymic activity is linear with respect to enzyme concentration up to about 60 munits of enzyme/ml of the original reaction mixture. Similar data were obtained with the pure pig heart citrate synthase. The assay is insensitive to the presence of thiol reagents; thus, when 10 mM-2-mercaptoethanol was included in the assay of the pig heart enzyme, the measured enzymic activity was indistinguishable from that determined in the absence of the reagent. Assay of citrate synthase in a cell extract of E. coli It was demonstrated that this assay procedure could be used to assay citrate synthase in cell extracts of E. coli; the change in A450 was linear with time, and the measured enzymic activities were directly proportional to the volume of extract in the assay (Fig. 2b) . Inhibition of citrate synthases by palmitoyl-CoA
The effects of palmitoyl-CoA on citrate synthase activity were investigated by using the Nbs2 assay of Srere et al. (1963) (Fig. 3) . In all cases, the assays were initiated by the addition of enzyme to the otherwise complete reaction mixture; that is, there was no preincubation of enzyme with inhibitor. Extensive inhibition was observed with the enzyme from pig heart, B. megaterium and E. coli. (Srere, 1965) , incubation of all three citrate synthases with oxaloacetate before the addition of palmitoyl-CoA considerably decreased the observed inhibition compared with that found when the effector was added before the substrate. Acetyl-CoA also afforded protection, but less so than Vol. 251 Citrate synthases from pig heart (@), B. megaterium (A\) and E. coli (0) Inhibition of citrate synthases by palmitoyl thioglycoliate Palmitoyl thioglycollate was also found to be a powerful inhibitor of all three citrate synthases (Fig. 4) ; again, E. coli citrate synthase was the most sensitive, whereas the effects on B. megaterium and pig heart citrate synthases were almost identical. Though the behaviour ofthe citrate synthases in response to palmitoyl thioglycollate was similar to that in response to palmitoylCoA, it did differ in that the observed inhibition was not time-dependent. Cleavage of thioester bonds of palmitoyl-CoA and palmitoyl thioglycoliate
The thioester bond of palmitoyl-CoA can be cleaved by incubation for 90 min at pH 13 and 50°C, and that of palmitoyl thioglycollate by a similar incubation at neutral pH. These cleavages result in the generation of free thiol groups, making the assay of citrate synthase in the presence of these compounds impossible by the Nbs2 method. Therefore we have used the Dnph assay method to determine the effects of the cleaved palmitoyl-CoA and palmitoyl thioglycollate on the three citrate synthases.
The observations are presented in Table 1 . As expected, similar inhibitions of the citrate synthases by palmitoylCoA and palmitoyl thioglycollate were found with the Dnph and Nbs2 assays, adding further weight to the validity of the assay method reported in the present paper. Cleavage of the thioester bonds almost completely relieved the observed inhibitions of the pig heart and B. megaterium citrate synthases, and significantly decreased that of the E. coli enzyme. Consistent with these effects, we have found that 0.2 mM-palmitate alone had no effect on the citrate synthases of B. megaterium and pig heart, whereas similar concentrations caused approx. 25 % inhibition of the enzyme from E. coli.
DISCUSSION
One purpose of the present paper is to report a new assay for citrate synthase, based on the measurement of oxaloacetate utilization with Dnph. The assay has been developed and successfully tested with both unfractionated cell extracts and purified citrate synthase, and in the presence and absence of free thiol compounds. For most circumstances the assay is not intended to replace existing methods of measuring citrate synthase activity; however, it is considered that it will be the assay of choice when, for example, impure samples of citrate synthase are to be measured in the presence of thiol-containing molecules.
The usefulness of the Dnph method has been demonstrated with an investigation of the palmitoyl-CoA inhibition of a variety of citrate synthases, to compare the effectiveness of this inhibitor with respect to palmitoyl thioglycollate and free palmitate and CoA. The Nbs2 assay was used initially to confirm previously reported data that palmitoyl-CoA is a powerful inhibitor of both pig heart and E. coli citrate synthases (Wieland & Weiss, 1963; Tubbs, 1963; Srere, 1968 may indeed be a possibility, but what is demonstrated in the present paper is that the inhibitory effects are not peculiar to the eukaryotic citrate synthase, but are similarly observed with a bacterial enzyme of similar subunit structure and kinetic properties. An even greater effect is found with the hexameric bacterial citrate synthase of E. coli; part of this increased sensitivity may be due to a detergent effect of the fatty acid chain, since palmitate alone caused significant inhibition. It is considered that any rationalization of the observed inhibitions must be valid for both eukaryotic and prokaryotic systems, and that present explanations are weakened by their limitation to the eukaryotic case.
